2020) Neuropathology and Applied Neurobiology Apolipoprotein D: a potential biomarker for cerebral amyloid angiopathy Aims: We investigated the potential of apolipoprotein D (apoD) as cerebrospinal fluid (CSF) biomarker for cerebral amyloid angiopathy (CAA) after confirmation of its association with CAA pathology in human brain tissue. Methods: The association of apoD with CAA pathology was analysed in human occipital lobe tissue of CAA (n = 9), Alzheimer's disease (AD) (n = 11) and healthy control cases (n = 11). ApoD levels were quantified in an age-and sexmatched CSF cohort of CAA patients (n = 31), AD patients (n = 27) and non-neurological controls (n = 67). The effects of confounding factors (age, sex, serum levels) on apoD levels were studied using CSF of non-neurological controls (age range 16-85 years), and paired CSF and serum samples. Results: ApoD was strongly associated with amyloid deposits in vessels, but not with parenchymal plaques in human brain tissue. CSF apoD levels correlated with age and were higher in men than women in subjects >50 years. The apoD CSF/ serum ratio correlated with the albumin ratio. When controlling for confounding factors, CSF apoD levels were significantly lower in CAA patients compared with controls and compared with AD patients (P = 0.0008). Conclusions: Our data show that apoD is specifically associated with CAA pathology and may be a CSF biomarker for CAA, but clinical application is complicated due to dependency on age, sex and blood-CSF barrier integrity. Wellcontrolled follow-up studies are required to determine whether apoD can be used as reliable biomarker for CAA.
Introduction
Cerebral amyloid angiopathy (CAA) is characterized by the accumulation of amyloid-b (Ab) in the cerebral vasculature and is a major cause of intracerebral haemorrhages (ICH) and cognitive decline in the elderly [1] . CAA pathology of any severity is present in 55-59% of demented and 28-38% of nondemented elderly. The prevalence of CAA pathology is particularly high in patients with Alzheimer's disease (AD), accounting for 47-100% of AD patients [2] . Two types of CAA have been recognized. In CAA type-1, CAA develops both in capillaries and larger vessels, whereas in CAA type-2, CAA pathology is restricted to medium-to-large sized blood vessels [3] . In vivo diagnosis of CAA is based on the modified Boston criteria, which are based on radiological markers for CAA, i.e. the presence of lobar haemorrhages or cortical superficial siderosis with (definite CAA) or without (probable or possible CAA) neuropathological demonstration of CAA [4] . MRI analysis, however, does not visualize the principal neuropathological cornerstone of CAA, i.e. deposition of Ab in cortical and leptomeningeal vessels. In addition, only latestage manifestations of CAA (i.e. haemorrhages) are visualized, and therefore MRI analysis is not optimal for early detection of CAA. Therefore, biomarkers that are more directly related to the cerebrovascular Ab pathology or that detect earlier stages of CAA are dearly needed. Cerebrospinal fluid (CSF) biomarkers may serve as such markers. The potential of CSF biomarkers is supported by findings of decreased Ab 40 and Ab 42 levels in CSF of sporadic CAA patients compared with agematched control subjects. Of these two biomarkers, CSF Ab 40 is the most specific since Ab 42 levels are also decreased in CSF from AD patients [5, 6] . Moreover, previous studies have shown that CSF Ab 40 and Ab 42 are also decreased in patients with familial CAA, even in the presymptomatic phase of the disease [7] .
We previously identified apolipoprotein D (apoD) by mass spectrometry as a potential CAA-associated protein in human brain tissue (unpublished data), which suggested that apoD may be a biomarker for CAA. ApoD is a lipid transport protein of the lipocalin family, and known as a multifunctional protein with a major role as antioxidant and in neuroprotection [8] . ApoD is expressed at high levels in the human brain, where it is predominantly produced by astrocytes and oligodendrocytes [9] . In this study, we aimed to confirm the association of apoD with CAA pathology in human brain tissue and to investigate the potential biomarker value of CSF apoD levels for the diagnosis of CAA. In addition, because studies on human brain indicate that apoD levels are dependent on age and sex, we assessed whether CSF apoD levels are related to age and sex and other potential confounding factors.
Materials and methods

Patients and biological fluids
To study the diagnostic potential of apoD, we obtained CSF samples from CAA (n = 31) and AD patients (n = 27) and age-and sex-matched controls (n = 67) from the Radboud University Medical Center (RUMC; Nijmegen, The Netherlands), and from Massachusetts General Hospital (MGH; Boston, MA, USA; n = 15 patients with CAA). Patient characteristics are summarized in Table 1 . Clinical diagnosis of CAA was based on the modified Boston criteria [4] , and was scored as definite (autopsy-confirmed; n = 2), probable (n = 7 with, and n = 20 without supporting pathology), or possible CAA (n = 2). Clinical diagnosis of AD patients was based on the NINCDS-ADRDA criteria [10] , since most samples were collected before introduction of more recent diagnostic criteria [11] . The prevalence of CAA pathology in these AD patients is not known. Control subjects had undergone lumbar puncture as part of the diagnostic process yet were confirmed as not having a neurodegenerative disease.
To study the relation of apoD with age and sex, we used CSF samples from control subjects in the age range 16-85 years (n = 102; 49% men). To study the relation of apoD with blood-CSF barrier integrity, we used paired serum and CSF samples (n = 41). The paired CSF and serum samples were selected based on the availability of albumin levels. The ratio of albumin levels in CSF vs. serum (Qalb) was used as measure for blood-CSF barrier integrity.
CSF was obtained by lumbar puncture via standard procedures and collected in polypropylene tubes, centrifuged and stored at -80°C. Use of CSF and serum was approved by the local Medical Ethical Committees, and informed consent was obtained from all subjects or their caregivers.
Human brain tissue
We used human post mortem tissue to study the association of apoD with CAA pathology. Human occipital lobe tissue was obtained from the Netherlands Brain Bank (NBB), Netherlands Institute for Neuroscience (NIN), Amsterdam. All brain tissues were collected from donors with written informed consent for brain autopsy and the use of the material and clinical information for research purposes has been obtained by the NBB. Tissue from three groups of cases was used, composed of (1) cognitively healthy control cases without any Ab or AD-related pathology (n = 11), (2) AD cases with severe plaque pathology but without Ab accumulation in vessels (n = 11) and (3) severe CAA type-1 cases with severe capillary CAA (n = 9). Details, including staging of AD pathology conform the ABC criteria [12] , are described in Table S1 .
Immunohistochemistry
Immunohistochemistry (IHC) was performed as described previously [13] . In short, 5 µm sections of formalin fixed, paraffin embedded tissue were used. Endogenous peroxidase activity was quenched using methanol containing 0.3% H 2 O 2 and antigen retrieval was performed by heating in an autoclave in citrate buffer. Anti-Ab (clone IC16, kind gift from Prof. C. Korth, Heinrich Heine University, D€ usseldorf, Germany) and anti-apoD (Proteintech group, Rosemont, IL, USA; cat no. 10520-1-AP) were used as primary antibodies, and were incubated overnight at 4°C. Thereafter, slides were washed in PBS followed by incubation with an HRP-labelled secondary antibody (EnVision; Agilent, Santa Clara, CA, USA). After washing in PBS, slides were incubated with DAB and nuclei were counterstained using haematoxylin.
Immunofluorescence
The pretreatment and antibody incubation of tissue slices for immunofluorescence staining was similar as described for IHC. In addition, amyloid was visualized using Thioflavin-S (1% in dH2O) and anti-mouse Alexa 555 and anti-rabbit Alexa 647 (Thermo Fisher Scientific, Waltham, MA, USA) were used as secondary antibodies. Auto fluorescence was quenched using 0.1% Sudan black in 70% ethanol. After mounting, representative pictures were taken with a Leica DMi8 inverted fluorescence microscope equipped with a Leica DFC300 G camera.
SDS-PAGE and Western blotting
Sections of snap frozen tissue were lysed in reducing, SDS-containing sample buffer using a 1:20 tissue weight to lysis buffer ratio. Protein samples were separated on stain-free precast SDS-PAGE gradient gels (Bio-Rad, Hercules, CA, USA) and transferred to PVDF membranes (Merck Millipore, Billerica, MA, USA) by western blotting. PVDF membranes were blocked using Odyssey blocking buffer (LI-COR, Bad Homburg, Germany) and subsequently incubated with anti-apoD antibody (Proteintech group) overnight at 4°C. After washing, membranes were incubated for 3 h with an IRDye 800 CW-labelled secondary antibody (LI-COR). ApoD staining was visualized using an Odyssey imaging system and total protein load using a chemidoc EZ imager (Bio-Rad), the densitometric values of which were used to normalize for total protein input. Quantification was performed using Image J software (NIH, Bethesda, MD, USA).
ApoD ELISA
We quantified apoD levels in CSF and serum using the Human apoD ELISA PRO kit (Mabtech, Nacka Strand, Sweden) according to the manufacturers' instructions. CSF samples were diluted 600 times and serum samples 6000 times. The mean coefficient of variation (CV) for duplicate measures was <15% for CSF samples and <21% for serum samples. Total protein levels in CSF were determined using Pierce TM BCA protein assay kit (Thermo Fisher Scientific). Five quality controls, consisting of pooled CSF samples, were used in each assay to check and correct for any inconsistencies between plates.
Statistical analyses
We analysed data using GraphPad Prism software ver- 
Results
Association of apoD with CAA pathology
We analysed the expression pattern of apoD and association with Ab pathology in human occipital lobe tissue of CAA type-1 (n = 9), AD without CAA pathology (n = 11), and control cases (n = 11). Staining for Ab confirmed the presence of Ab plaque pathology in the AD cases, and CAA type-1 pathology in the CAA cases, whereas control cases were devoid of Ab pathology (Figure 1A , a-d. ApoD immunoreactivity was overall present as a granular staining, which was similar in AD cases and controls ( Figure 1A , e-f. In CAA cases, granular apoD staining was also observed surrounding capillaries with CAA pathology that extended into the parenchyma (dyshoric CAA), and additionally, apoD staining could be observed in glial end feet ( Figure 1A , h). In AD cases, we observed little or no apoD immunoreactivity in association with plaques. In contrast, in CAA cases we observed strong apoD staining in approximately one third of the arterioles that were positive for Ab pathology (Figure 1A , g). The apoD staining in these arterioles could be observed both in the inner, endothelial cell layer and the outer layer of the vessel wall ( Figure 1A, g) . The association of apoD with CAA-positive vessels, but not with plaques, was further confirmed using a triple fluorescence staining in which, in addition to apoD staining, thioflavin and anti-Ab were used to visualize Ab pathology ( Figure 1B) . Finally, quantitative analysis of apoD in brain tissue of these cases was performed using immunoblotting (Figure 1C) , but no significant differences in total apoD levels were found between controls, AD and CAA cases.
Correlation of CSF apoD levels with age and sex
We observed a positive correlation between age and CSF apoD levels in control subjects in the age range of 16 to 85 years (r SP = 0.48, P < 0.0001, n = 102). This correlation was stronger in men (r SP = 0.60, P < 0.0001) than in women (r SP = 0.42, P = 0.002) ( Figure 2 ). In subjects above 50 years of age, no significant correlation of CSF apoD levels with age was observed (r SP = 0.18, P = 0.12, n = 74). Higher apoD levels were observed in men older than 50 years (mean 9.0 AE 3.0 µg/ml) as compared with women of comparable age (mean 6.8 AE 2.3 µg/ml; P = 0.0007) or younger men (mean 5.2 AE 1.6 µg/ml; P < 0.0001).
Correlation between apoD levels and blood-CSF barrier integrity
CSF apoD levels correlated with total protein levels in controls in the age range of 16 to 85 years (r SP = 0.59, P < 0.0001, n = 102) and in patients with CAA and AD and age-and sex-matched controls (r SP = 0.60, P < 0.0001, n = 125; Figure 3A ). To investigate whether apoD protein in the CSF may be (partly) derived from blood, we quantified apoD levels in paired CSF and serum samples. Mean CSF apoD levels were 7.8 AE 4.9 µg/ml, and mean serum apoD levels were 128 AE 31 µg/ml in these samples. CSF and serum apoD levels did not correlate (r SP = 0.19, P = 0.23), but a strong correlation between the apoD CSF/serum ratio (QapoD) and Qalb was observed (r SP = 0.61, P < 0.0001, n = 41; Figure 3B ). The potential of CSF apoD as biomarker for CAA CSF apoD levels were similar in controls (mean 7.9 AE 2.9 µg/ml), CAA patients (mean 7.4 AE 3.0 µg/ ml) and AD patients (mean 9.4 AE 5.4 µg/ml; P = 0.14), also after exclusion of one AD patient with extremely high CSF apoD levels (33.5 µg/ml; identified as statistically significant outlier (P < 0.01)). CSF apoD levels corrected for total protein (apoD/TP) tended to be different between controls, CAA and AD patients, but this did not reach statistical significance (P = 0.10; Figure 4) . However, when only CSF samples from RUMC patients were included, apoD/TP levels were significantly decreased in CSF of CAA patients (mean 7.1 AE 2.6 µg/mg, n = 16; P = 0.0068) as compared with both controls (mean 9.4 AE 2.9 µg/mg, n = 67) and AD patients (mean 9.3 AE 2.2 µg/mg, n = 27), indicating that the centre of origin is a possible confounding factor. For most AD patients, we had APOE genotype data available (Table 1 ), and we additionally tested whether carrying one or two e4 alleles was related to CSF apoD levels. No differences were found in CSF apoD or apoD/TP levels between AD patients with different APOE genotypes, or between AD non-e4 and e4 carriers (data not shown). APOE status was therefore not considered to be a confounding factor. Finally, we analysed CSF apoD levels in all controls, AD and CAA patients, taking along multiple possible confounding factors (age, sex, TP and centre of origin) by ANCOVA. To obtain normally distributed data for this analysis, the significant outlier in the AD group had to be excluded and data were log transformed. ANCOVA analysis confirmed significant different apoD levels between groups (P = 0.0008).
Discussion
The modified Boston criteria, that are currently applied for diagnosis of CAA, are not optimal. Importantly, these criteria are not directly related to deposition of Ab in the cerebrovasculature and are not suitable for early diagnosis of CAA. Findings of decreased CSF Ab 40 levels in sporadic and familial CAA patients, even in the presymptomatic phase of the disease [5] [6] [7] , support the potential of CSF biomarkers for early diagnosis of CAA and suggest that proteins that are specifically associated with CAA pathology may be good biomarker candidates for this purpose. On the basis of this, we hypothesized that apoD may be such a candidate biomarker that may aid in the diagnosis of CAA. Using IHC and immunofluorescence techniques, we found that apoD is specifically associated with CAA pathology in human post mortem brain tissue. This association was particularly observed in arterioles affected by CAA. The presence of apoD in CAA-affected vessels has been suggested previously, but in contrast to our results, in these studies strong immunoreactivity of apoD was also found in parenchymal amyloid deposits in AD brain [14, 15] . This inconsistency with previous studies may be explained by differences in the methodology used to stain apoD in brain tissue. To strengthen our findings, we also tested an apoD antibody (clone 8CD6) similar to the antibody used in a previous study on our 5 µm sections, and included a formic acid pretreatment protocol as described in this previous study [15] . Again, we observed that apoD was absent in plaques, whereas it was observed in association with CAA pathology, although the staining was less consistent using this antibody (data not shown). These findings indicate that apoD is expressed in vessels affected by CAA, and that its expression in plaques is lower, but cannot be fully excluded. Our IHC data suggested that apoD staining is present both in the endothelial cell layer and in the glia limitans. These findings may point to a problem in perivascular drainage of proteins similar to Ab. Little is, however, known about the mechanism of apoD clearance. It has been reported that Basigin (BSG/CD147) is a potential apoD receptor, involved in apoD internalization [16] , but this has not been studied in relation to Ab drainage. It is currently also not known why apoD would preferably accumulate in vascular rather than parenchymal Ab deposits. Several reports indicate that the composition of vascular and parenchymal deposits differ, both concerning Ab peptide variants as well as associated non-Ab proteins [13, [17] [18] [19] , which may influence the association of apoD with these deposits. Despite the association of apoD with CAA pathology, we observed no difference in total apoD levels in brain tissue of CAA cases as compared with AD and control cases. This is in line with findings in a previous study [13] , and may be explained by similar, abundant granular apoD expression throughout the tissue of all cases, and the fact that we did not exclusively study cerebral vascular isolations for this goal, but wholebrain tissue instead.
We used our immunohistochemical observations as a basis to study apoD as potential CSF biomarker for CAA. In line with the specific association of apoD with CAA pathology, we could show that apoD levels in CSF are specifically decreased in patients with CAA as compared with both controls and AD patients. Previously, it has been shown that CSF apoD levels are associated with cortical brain atrophy in cognitively healthy elderly, via a mechanism independent of Ab [20] , which would suggest a more general role of apoD as marker of neurodegeneration. This is also supported by increased CSF apoD levels in AD [21, 22] . However, in contrast, in other studies decreased CSF apoD levels were found in AD and other neurodegenerative diseases [23] [24] [25] . Furthermore, in a recent study it was shown that apoD levels may not simply be related to neurodegeneration in general, since unlike AD brains, apoD levels were not increased in brains of frontotemporal dementia patients [26] . Furthermore, in contrast to previous studies, we observed unchanged CSF apoD levels in AD patients as compared with controls.
These conflicting results on CSF apoD levels in various studies may be related to the dependency of CSF apoD on several (confounding) factors, as investigated in our study. First, we observed a correlation of CSF apoD levels with age. A relation of apoD with age has been a consistent finding in studies on brain tissue (reviewed in [8] ), but in contrast, in most CSF studies such a correlation could not be established [21, 22, 27] . In our study we included subjects with a wide age range, which may explain the different findings as compared with these other CSF studies. Indeed, in our control cohort with patients older than 50 years, we did not observe a significant correlation of CSF apoD levels with age, suggesting that age may not be a main factor affecting apoD levels in patient groups with diseases that present at older age, like sporadic CAA and AD. Second, we observed higher CSF apoD levels in men than in women. These findings are in agreement with some [22] , but not with other studies [21, 27, 28] . Differences in apoD levels based on sex are not unexpected, since the promoter of the APOD gene does contain three oestrogen-responsive elements [29] , which may indicate sex-dependent regulation of apoD levels. Third, we found a strong correlation between CSF apoD and total protein levels, the latter are a proxy for the integrity of the blood-CSF barrier. This was supported by a strong correlation between the QapoD and Qalb. ApoD levels in blood are, based on our measures, on average 10 times higher than in CSF, indicating that a substantial amount of apoD in the CSF may be derived from the blood. However, since CSF apoD levels did not correlate with serum apoD levels, it is likely that CSF apoD is also partly derived from an intrathecal source. Calculation of the apoD index (i.e. the ratio of QapoD/Qalb) could not be performed at this time given the lack of sufficient data and materials, but this would be useful in future studies to correct for transport of apoD across the blood-CSF barrier as a result of decreased barrier integrity and may further define the biomarker potential of apoD for CAA. There is evidence supporting that the blood-CSF and blood-brain barriers may be disrupted in CAA patients [30] . Finally, we observed that mean apoD levels were higher in CSF from CAA patients collected in Boston vs. those collected in Nijmegen, which suggests that some, currently unknown, preanalytical factors may affect CSF apoD levels. Therefore, standardization of preanalytical protocols is likely to be important before apoD can be introduced as CAA biomarker.
In conclusion, normalized apoD levels in the CSF are decreased in CAA patients and the quantification of apoD in CSF may thus have potential as a biomarker for CAA, but only when carefully controlling for confounding factors. In addition, development of standardized preanalytical protocols may be required. The strength of our study is that we studied apoD association with CAA pathology in parallel with its biomarker potential for CAA in CSF and extensively studied the effect of several potential confounding factors on CSF apoD levels. A limitation of our study is that the prevalence of CAA pathology in our AD patient cohort is not known. The co-existence of CAA in AD patients may affect CSF apoD levels.
